In this paper, taking the minimum metal conductor usage of an air core reactor as optimization goal, the influence of air ducts width and encapsulation number on thermal efficiency and electromagnetic efficiency are analyzed. Combined with the equation constraint conditions for maximum temperature rise conservation, inductance conservation and structure function of reactor considering the change of air ducts width and encapsulation number, the thermal and electromagnetic combined optimization curves are formed, and design results are achieved based on the initial design parameters. Meanwhile, the temperature field simulation model of the reactor is established and the results verify the correctness of the optimization method. According to the design results, the proportionality factor of metal conductor usage is only 0.61 compared with the initial design parameters of the reactor, which shows that the proposed comprehensive optimization method can significantly reduce conductor usage, improving the metal conductor utilization ratio.
Introduction
Dry-type air core reactors are now being widely used in power systems [1, 2] . The design optimization of a reactor mainly focuses on the contradiction between the key properties (inductance, current carrying ability) and cost of the metal conductor materials (copper, aluminum). Thus, optimization methods to improve the utilization ratio of metal conductor are needed. Currently, the optimization theory and method in this field mainly include electromagnetic optimization and thermal optimization.
Regarding electromagnetic optimization, in [3] , the optimal shape proportion for thick wall coils (also called "Huke curve") is given. It describes the percentage of metal conductor usage over the minimum when the shape proportion deviates from the optimal value. In [4] , the magnetic particle layer is added outside of a conventional aluminum core to increase the permeability of the coils. However, the thermal conditions are not considered in [3, 4] . Considering thermal optimization, in [5] , the equal current density method, combined with the average temperature rise, is used to realize the same average temperature rise of encapsulation; in [6, 7] , the equal temperature rise and the equal potential drop of resistance method is used in the design of the reactor, which can achieve the same temperature rise of the inner encapsulation and the minimal overall loss of the reactor, however, the electromagnetic conditions are neglected in [5] [6] [7] .
In [8] [9] [10] [11] , the genetic algorithm, improved genetic algorithm, and particle swarm optimization algorithm are applied in the design of the reactor; In [12, 13] , the finite element method is used to improve the utilization ratio of metal conductor, nevertheless, a large amount of computation and long optimization times are needed in order to obtain the optimal parameters of the reactor. Therefore, the optimization methods mentioned above cannot be widely used.
In [14, 15] , the thermal and electromagnetic optimization are combined in the design of the reactor, however, the change of the air duct width and encapsulation number are not simultaneously considered, which directly affects the electromagnetic and thermal characteristics of the reactor, and eventually lead to the results that the design parameters not being optimal. Thus, the air duct width and encapsulation number should be taken into account. Currently, the optimization methods concerning the air duct width and encapsulation number mainly include the following: in [16] , the empirical value of the air duct width can be obtained based on the heat and heat dissipation conditions of the encapsulations; in [17] , the traversal algorithm is used to optimize the encapsulation number and other parameters, but the long optimization time is the main drawback. Therefore, these methods cannot be used effectively in the design of reactors.
In this paper, a comprehensive optimization method is proposed considering the change of the air duct width and encapsulation number, to realize the minimum metal conductor usage of the reactor. Combined with the equality constraint conditions for maximum temperature rise conservation, inductance conservation and structure function of the reactor, the optimization curves and results are obtained based on the initial design parameters of the reactor, and the correctness of the optimization method is verified by the temperature field simulation results. At the same time, the design results show that the optimization method can obviously reduce metal conductor usage, which is of great guiding significance to the design of the reactor.
Methods
The optimization goal is to realize the minimum metal conductor usage of the reactor. The goal function can be expressed as:
where Mass is the total mass of metal conductor, ρ 1 is the mass density of metal conductor, W i , D i and S i are the turn number, diameter, and single turn conductor cross-sections of encapsulation i, and m is the encapsulation number. In order to achieve the minimum metal conductor usage, the influences of the air duct width and the encapsulation number on the thermal and electromagnetic efficiency are taken into account, meanwhile, a comprehensive optimization method is proposed considering the change of the air duct width and the encapsulation number.
Thermal and Electromagnetic Optimization
The equal height and heat flux design method is used in the design of the reactor, which can guarantee that the height, heat flux, radial width, and current density of each encapsulation are basically equal, which provides the precondition for thermal and electromagnetic efficiency optimization of the reactor. Table 1 shows the initial design parameters based on equal height and the heat flux design method (the metal conductor material is aluminum), which is selected as the optimization object to analyze the thermal and electromagnetic efficiency considering the change of the air duct width and the encapsulation number. The thermal efficiency optimization goal is to achieve the minimum metal conductor usage, and the constraint condition is the maximum temperature rise conservation. Considering the heat and heat dissipation conditions of the inner encapsulations are basically the same, based on the equal height and heat flux design method, the encapsulation-air ducts unit, which is comprised of two encapsulations and an air duct, can be taken as the research object to compute the maximum temperature rise of the coils. For a large-type air core reactor, the diameter of the encapsulation is larger than the air duct width, so the unit can be considered equivalent to a vertical tube tank model, as shown in Figure 1 . Assume the variable in the initial design is x 0 , which is selected as the normalized standard, the corresponding variable in a new design is x. Then, the proportionality factor is defined as k x = x/x 0 .
The heat flux conducted from the encapsulation surface to the air ducts is evenly distributed based on the equal height and heat flux design method. According to the heat transfer process in a vertical tube tank, the maximum temperature rise of encapsulation, which is located nearly at the top of the encapsulation, and can be equal to the sum of the average fluid temperature rise and fluid-solid temperature difference [15, 18] , as shown in Equation (2) , and the accuracy has been validated by experimental results:
where, in the right-hand side of the equation, the first term is the average fluid temperature rise, and the second term is the fluid-solid temperature difference. T max is the maximum temperature rise of encapsulation, q w is the heat flux conducted from the encapsulation surface to air ducts, H is the height of the encapsulation, d is the width of the air ducts, u is the average velocity of the fluid, ρ is the fluid density, and C p is the specific heat at constant pressure. λ is the heat conductivity coefficient of the fluid, and Nu is the Nusselt number in the air ducts. The heat flux q w in Equation (2) can be written as:
where k c is the ratio of total losses to resistance losses, I is the encapsulation current, γ is the conductivity of metal conductor, a is the radial width of encapsulation, and b is the single turn axial height of the encapsulation. According to the Equations (2) and (3), the thermal efficiency optimization can be realized by adjusting the ratio of the fluid-solid temperature difference and average fluid temperature rise.
(1) Considering the change of the air duct width
The thermal efficiency of encapsulation-air ducts unit can be adjusted by changing the variable parameters a, b, d and H. Assume the conductor section size in the initial design parameters are a and b, respectively, the values become a' and b' after adjustment. Thus,
The encapsulation current is decided by the total current and current distribution principles of the reactor, so it is regarded as a constant in the adjustment process of the encapsulation-air ducts unit, and the conductivity of the metal conductor remains unchanged. As a result, the proportionality factor of heat flux can be written as Equation (4):
Combining Equations (2) and (4), the proportionality factor of the maximum temperature rise considering the change of the air duct width can be written as Equation (5):
where k W , k Nu , k u , and k d are the proportionality factors of the average turn number, Nusselt number, the fluid average velocity, and the air duct width, respectively. In encapsulation-air ducts units, combined with the quality equation, momentum equation, and boundary conditions, the axial velocity of the fluid along the radial direction in the air ducts can be calculated according to Equation (6) [19, 20] :
where g is the acceleration due to gravity, β is the thermal expansion coefficient, T is the temperature of encapsulation surface, T ∞ is the temperature of fluid, ν is the kinematic viscosity of fluid, and x is the radial length from the middle of the air ducts to encapsulation surface. The mass flow rate of fluid M in the air ducts is:
Suppose the heat flux conducted from the encapsulation surface to the air ducts is completely used to heat the fluid in the air ducts; the equation can be written as:
Combined with Equations (6)- (8), the average velocity of fluid in air ducts can be written as:
where µ is the dynamic viscosity of the fluid, combined with the average fluid velocity and the experimental correlation equation in the vertical ducts, the Nusselt number Nu in Equation (5) can be obtained, and the detailed computation process can be found in Appendix A. The proportionality factor of metal conductor usage considering the change of the air duct width can be written as:
The electromagnetic character is ignored, supposing the average turn number and diameter remain unchanged in the adjustment process of the encapsulation-air ducts unit, namely k W = 1, k Dav = 1. Therefore, the proportionality factor of metal conductor usage can also be written as Equation (11):
From Equations (2)- (9), the parameters k a , k u and k Nu can be replaced by k b and k d , respectively, combined with the initial design parameters of the reactor and fluid properties in the air ducts, it can be derived that the proportionality factor of metal conductor usage, k Mass , is a function of k b and k d , as shown in Equation (12):
For a given range of variables parameter k b and k d , the optimization curve can be plotted which describes the thermal efficiency of the unit considering the change of air duct width, as shown in Figure 2 . As Figure 2 shows, the proportionality factor of metal conductor usage, k Mass is gradually decreased with the increase of k b and k d . Thus, it can be concluded that the thermal efficiency can be improved by increasing the encapsulation height and the air duct width.
According to Equation (5), the thermal efficiency optimization curves are plotted with the different initial parameters of the unit, the encapsulation number is taken as a constant, and the variable parameters are the air duct width and encapsulation height, as shown in Figure 3 . In Figure 3 , when the air duct width remains unchanged, the further optimization effect is obviously reduced with the increase of the encapsulation height; when the encapsulation height remains unchanged, the further optimization effect is gradually increased with the increase of the air duct width, and the effect is limited. The main reason is that the increase of the encapsulation height leads to the ratio (the fluid-solid temperature difference and average fluid temperature rise) decreasing; however, the increase of the air duct width leads to the ratio increasing. (2) Considering the change of encapsulation number According to the heat transfer process of encapsulation-air ducts unit, the proportionality factor of maximum temperature rise considering the change of encapsulation number can be written as Equation (13):
The proportionality factor of heat flux can be written as:
The proportionality factor of metal conductor usage is:
Similarly, ignoring the change of the average turn number and the diameter of the encapsulation, namely, k W = 1, k Dav = 1, the proportionality factor of metal conductor usage can be written as Equation (16):
From Equations (9), (13) and (14) and Appendix A, the parameters k a , k u , and k Nu can be replaced by k b and k m , combined with the initial design parameters of the reactor and fluid properties in the air ducts, it can be derived that the proportionality factor of metal conductor usage, k Mass , is a function of k b and k m , as shown in Equation (17):
For a given range of variable parameters k b and k m , the optimization curve is plotted which describes the thermal efficiency of the unit considering the change of the encapsulation number, as shown in Figure 4 . As Figure 4 shows, the proportionality factor of metal conductor usage, k Mass , is gradually decreased with the increase of k b and k m . Thus, the thermal efficiency can be improved by increasing the encapsulation number. According to Equation (13) , the thermal efficiency optimization curves are plotted with the different initial parameters of the unit. As shown in Figure 5 , the air duct width is taken as a constant, and the variable parameters are the encapsulation number and encapsulation height. In Figure 5 , when the encapsulation number remains unchanged, the further optimization effect is obviously reduced with the increase of the encapsulation height; when the encapsulation height remains unchanged, the further optimization effect is gradually increased with the increase of the encapsulation number, and the effect is limited. The main reason is that the ratio (the fluid-solid temperature difference and the average fluid temperature rise) is decreased with the increase of the encapsulation height, but it is increased with the increase of the encapsulation number.
The Electromagnetic Efficiency Optimization
The optimization goal of electromagnetic efficiency is to achieve the minimum metal conductor usage, and the constraint condition is the inductance conservation. The essence of both the air core reactor with multiple coaxial encapsulations and thick wall coils are same from the aspect of electromagnetic efficiency realization. Therefore, the actual air core reactor can be equivalent to a single thick wall coil with the same proportion, as shown in Figure 6 . In Figure 6 , H, THi, and Dav are the height, thickness and average diameter of the thick wall coils. The geometry factors, α and β, are defined as [15] :
According to the equivalent thick wall coils, Equation (19) is selected as the constraint condition for inductance conservation, and the accuracy is widely accepted [21] :
where L is the value of the inductance. In order to build the relationship between the inductance and air duct width, encapsulation number, the structural function of the reactor is established, as shown in Equation (20):
where, m is the encapsulation number.
(1) Considering the change of air duct width
The thermal character is ignored, assuming the current density and average diameter of the encapsulation remains unchanged, namely k a k b = 1, k Dav = 1. Therefore, according to Equation (10), the proportionality factor of metal conductor usage, k Mass , can also be written as Equation (21):
From Equations (19) and (20), k W can be replaced by k b and k d , combined with the initial design parameters of the reactor, which can derive that the proportionality factor of metal conductor usage, k Mass , is a function of k b and k d , as shown in Equation (22):
For a given range of variable parameters k b and k d , the optimization curve can be plotted according to the Equation (22), which describes the electromagnetic efficiency of the reactor considering the change of the air duct width, as shown in Figure 7 . As shown in Figure 7 , the proportionality factor of metal conductor usage, k Mass is gradually increased with the increase of k b , and the change of the air duct width, k d has less of an effect on it.
(2) Considering the change of encapsulation number Similarly, ignoring the change of current density and the average diameter of the encapsulation, assume the value of k a k b k m = 1, k Dav = 1, combined with Equations (18)- (20) , the proportionality factor of metal conductor usage considering the change of the encapsulation number can be written as:
For a given range of variables parameter k b and k m , the optimization curve can be plotted according to Equation (23) , which describes the electromagnetic efficiency of the reactor considering the change of the encapsulation number, as shown in Figure 8 . Electromagnetic efficiency optimization curve considering the change of the encapsulation number.
In Figure 8 , the proportionality factor of metal conductor usage, k Mass is gradually increased with the increase of k b , and the change of encapsulation number, k m has less of an effect on it. At the same time, the change trend of curve is basically the same as the curve in Figure 7 .
The Comprehensive Optimization Method
According to the above analysis regarding thermal and electromagnetic efficiency optimization, it can be concluded that the increase of the air duct width, encapsulation number, and encapsulation height can improve the thermal efficiency of the unit, but the electromagnetic efficiency of the coils is decreased. Thus, a comprehensive optimization method is proposed considering the change of the air duct width and encapsulation number, to realize the metal conductor usage minimum.
Equality Constraint Conditions
The comprehensive optimization method needs to meet inductance conservation, maximum temperature rise conservation, and the structural function of the reactor.
(1) Maximum temperature rise conservation According to the heat transfer process of the encapsulation-air ducts unit, the proportionality factor of the maximum temperature rise considering the change of the air duct width and encapsulation number can be written as Equation (24), and the heat flux is shown in Equation (25):
(2) Inductance conservation According to Equation (19) , the constraint condition for inductance conservation can also be written as:
The change of the air duct width and encapsulation number will inevitably affect the overall structure of the reactor, combined with Equations (18) and (20) , the proportionality factor of the radial width and single turn axial height of encapsulation can be written as:
The Realization of the Optimization Method
According to Equations (24)- (28), the constraint conditions considering the change of the air duct width and encapsulation number can be redefined as:
where α and β are the initial geometry factors, and α' and β' are the optimized geometry factors. Thus, the realization of comprehensive optimization method becomes the analysis of metal conductor usage. According to Equation (29), the parameters of k a , k b , k W , and k Dav can be replaced by α', β', k d and k m , and it can be derived that the proportionality factor of metal conductor usage, k Mass , is a function of the four independent variables α', β', k d and k m , as shown in Equation (30):
In [15] , the air duct width and encapsulation number are taken as constants, the values of α' ranges from 0.5 to 1.6, and β' ranges from 0.2 to 1, according to the curves, the minimum value of k Mass can be obtained when α' is ca. 1.5 and β' is ca. 0.2, and the correctness has been validated by the design results. Thus, the comprehensive optimization method adopts α' = 1.5 and β' = 0.2 in Equation (30), and the proportionality factor of metal conductor usage can be rewritten as:
From Equation (31), k Mass is decided by two independent variables k d and k m , thus, for a given range of k d and k m , the optimization curve considering the change of the air duct width and encapsulation number can be plotted.
The Overall Optimization Process
In order to realize the metal conductor usage minimum of the reactor considering the change of the air duct width and encapsulation number, three steps are indispensable in the optimization process:
Step 1: Taking the initial parameters of the reactor based on equal height and heat flux design methods as the optimization object, combined with inductance conservation, the maximum temperature rise conservation and structure function of the reactor, and the optimization curve considering the change of the air duct width and encapsulation number can be achieved.
Step 2: According to the optimization curve in Step 1, the optimal value of k d and k m can be obtained when k Mass reaches the minimum value, combined with the initial parameters, the equal height, and heat flux design method of the reactor, the optimization design results can be achieved.
Step 3: According to the optimization design results in Step 2, a fluid-thermal-coupled finite element model is established to calculate the maximum temperature rise of the reactor, taking the temperature field simulation results as the evaluation criterion of the optimization method.
The overall optimization design process of the reactor is shown in Figure 9 . Figure 9 . The overall optimization design process of the reactor.
Results
A certain type of air core reactor is given in order to prove the utility of optimization theory and methods, and the parameters of the reactor in Table 1 are selected as the optimization object.
Optimization Curves

Considering Only the Change of Air Duct Width
In the natural air cooling condition, when the encapsulation number remains constant, combined with the fluid properties parameters in air ducts and Equation (30), setting β' = 0.2, the optimization curve considering the change of the air duct width can be calculated and plotted, as shown in Figure 10 . The minimum value of k Mass is 0.73 when α' is nearly 1.5 and k d is nearly 1.1. 
Considering Both the Change of Air Duct Width and Encapsulation Number
Similarly, combined with the fluid properties parameters in air ducts and Equation (30), setting the α' = 1.5 and β' = 0.2, the optimization curve considering the change of the air duct width and encapsulation number can be calculated and plotted, as shown in Figure 11 . The minimum value of k Mass is 0.6 when the value of k d is nearly 1.1 and k m is nearly 1.16. Thus, compared with the initial parameters of the reactor, the comprehensive optimization method can obviously reduce metal conductor usage. In the comprehensive optimization method, the change of the air duct width and encapsulation number inevitably lead to the change of other parameters. Figures 12 and 13 are the k R and k H curves considering the change of the air duct width and encapsulation number, and R is the direct current (DC) resistance of the reactor.
In Figure 12 , the DC resistance is gradually increased with the increase of the air duct width and encapsulation number, and the trends are reversed compared with Figure 11 , and the maximum value of k R is 2.38 when k d is nearly 1.1 and k m is nearly 1.16.
In Figure 13 , it can be seen that the encapsulation height is gradually increasing with the increase of the encapsulation number; the maximum value of k H is 1.91 when k d is nearly 1.1 and k m is nearly 1.16. 
Design Results
The design results are shown in Table 2 , Method 1 is the equal height and heat flux design method, Method 2 is the design method only considering the change of the air duct width; and Method 3 is the comprehensive optimization method considering the change of the air duct width and encapsulation number. In Table 2 , the proportionality factor of metal conductor usage is 0.73 in Method 2, and is only 0.61 in Method 3, which shows that the comprehensive optimization method can obviously reduce metal conductor usage. Meanwhile, when adopting the comprehensive optimization method, the influence on thermal efficiency and electromagnetic efficiency of the reactor are analyzed.
Thermal efficiency: according to the analysis of thermal efficiency in encapsulation-air ducts unit, the proportionality factor of metal conductor usage gradually decreased with the increase of the air duct width, encapsulation number, and height. In Method 3, the value of k H is 1.91, k d is 1.1, and k m is 1.16, compared with the initial parameters of the reactor; thus, the thermal efficiency is improved with the comprehensive optimization method.
Electromagnetic efficiency: according to the analysis of electromagnetic efficiency of the reactor, the proportionality factor of metal conductor usage is gradually increased with the increase of the encapsulation height. In Method 3, the value of k H is 1.91, and the average turn number ranges from 122.5 to 169; thus, the electromagnetic efficiency is reduced with the comprehensive optimization method.
Simulation Verification
Inductance and maximum temperature rise are the main parameters of the reactor. The inductance can remain unchanged because the equal height and heat flux design method is used in the optimization process. Thus, the maximum temperature rise becomes the most important parameter which needs to be validated.
Currently, the FEM is widely used to calculate the temperature rise of transformers and reactors, and the accuracy has been verified compared with the experimental results of the prototype [22] [23] [24] [25] [26] . As a result, the temperature field simulation results are selected as the evaluation standard for the optimization design results.
According to the design results in Table 2 , a fluid-thermal-coupled 2D finite element model is established to calculate the maximum temperature rise of the reactor. Some simplifications and equivalencies are performed: only considering the steady-state thermal process, the influence of the spider arm and sustaining bar are ignored, the reactor is equivalent to the two-dimensional axisymmetric model. The width of the air ducts, and the height and heat load of the encapsulations in the model, are basically identical to the actual design parameters of the reactor.
The boundary conditions of the simulation model are set as follows [27, 28] : The radial velocity of fluid in the axis of symmetry is zero, the surface of the encapsulations is a static wall, the radial and axial velocities are zero. In the above boundary of the model, the pressure, fluid velocity, and temperature are defined variables. In the right boundary of the model, the pressure is a defined variable, the velocities of the fluid in all directions are zero, and the temperature is set 20 • C. In the lower boundary of model, the pressure is a defined variable, the velocities of the fluid in all directions are zero, and the temperature is set to 20 • C. The environment temperature is set to 20 • C Figure 14 shows the temperature field simulation results based on the design results in Method 2, where the maximum temperature rise is 49.5 • C: Figure 15 shows the temperature field simulation results based on the design results in Method 3, where the maximum temperature rise is 50.1 • C. They only show a 3.1% and 4.4% difference compared with the maximum temperature rise of the initial parameters. Meanwhile, the temperature distribution of the inner encapsulation is basically the same. Thus, the simulation results verify the correctness of the comprehensive optimization method. 
Conclusions
In this paper, the change of air duct width and encapsulation number are considered in the thermal and electromagnetic optimization of the reactor, in order to realize the minimum metal conductor usage, a comprehensive optimization method is proposed and the correctness is verified by the temperature field simulation results. Meanwhile, the following conclusions can be reached.
The increase of air duct width, encapsulation number, and encapsulation height can obviously improve the thermal efficiency of the encapsulation-air ducts unit, but the electromagnetic efficiency is decreased. In Method 3, the thermal efficiency is improved, but the electromagnetic efficiency is reduced compared with the initial parameters of the reactor, which shows that the comprehensive optimization method adopts a compromise to realize the metal conductor usage minimum.
Compared with the initial parameters of the reactor, the proportionality factor of metal conductor usage is only 0.61 in Method 3, it shows that the comprehensive optimization method can significantly reduce the metal conductor usage, improving the utilization of the metal conductor. Meanwhile, the proportionality factor of the DC resistance becomes 2.38 in Method 3, thus, the comprehensive optimization method leads to the increase of DC resistance.
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Symbols and Abbreviations a
The radial width of encapsulation b
The single turn axial height of encapsulation C p
The specific heat at constant pressure d
The width of air ducts D
The diameter of encapsulation Dav
The average diameter of thick wall coils H The height of thick wall coils I
The current of encapsulation k ad
The ratio value of radial width of encapsulation to air duct width kc
The ratio of total losses to resistance losses kx
The proportionality factor of x L
The inductance value of the reactor m
The encapsulation number of the reactor M The mass flow rate of fluid in air ducts Mass
The metal conductor usage of reactor Nu
The Nusselt number in air ducts q w
The heat flux conducted from encapsulation surface to air ducts R The resistance of the reactor S The area of the single turn conductor T
The temperature of encapsulation surface T ∞
The temperature of fluid in air ducts THi
The thickness of thick wall coils T max
The maximum temperature rise of encapsulation u
The The Prandtl number Pr in Equation (A2) is defined as:
where µ f , µ w are the dynamic viscosity which correspond to the fluid temperature and encapsulation surface temperature respectively, and the equation can be used when Re < 2200, Pr > 0.6 and RePr2d/H > 10. 
where, the equation can be used when 2300 ≤ Re ≤ 10 6 and 0.6 ≤ Pr ≤ 10 5 .
